Nanofibrillated celluloses (NFCs) have recently drawn much attention because of their exceptional physicochemical properties. However, the existing preparation procedures either produce low yields or severely degrade the cellulose and, moreover, are not energy efficient. The purpose of this study was to develop a novel process using ultrasonic homogenization to isolate fibrils from bamboo fiber (BF) with the assistance of negatively charged entities. The obtained samples were characterized by the degree of substitution (DS) of carboxymethyl, Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis, and transmission electron microscopy (TEM). The results showed that an NFC yield could be obtained above 70% through this route. The enzyme hydrolysis could enhance the surface charge of the fiber, and mechanical activation facilitates an increase in the DS. The disintegrating efficiency of the cellulose fibrils significantly depended on the input power of ultrasonication and the DS. FT-IR spectra confirmed the occurrence of the carboxymethylation reaction based on the appearance of the characteristic signal for the carboxyl group. From XRD analysis, it was observed that the presence of the carboxyl groups makes the isolation more efficient attributed to the ionic repulsion between the carboxylate groups of the cellulose chains.
Introduction
In recent years, much more attention has been paid to the sustainable, green, and environmental friendly materials because of the increasing public interest in environmental issues and the growing pressure from legislative institutions [1, 2] . Cellulose is the most abundant renewable natural biopolymer on earth and is present in a wide variety of living species such as plants, animals, and some bacteria. Cellulose is a multifunctional raw material which can self-assemble into well-defined architectures at multiple scales, from nano-to microsize, and is expected to be able to replace many nonrenewable materials [3] . Cellulose does not occur as an isolated individual molecule in nature, but it is found as assemblies of individual cellulose chain-forming fiber cell wall. Higher plants form highly crystalline cellulose microfibrils, each of which consists of 30-40 fully extended and linear cellulose chains and are the elements with the second smallest width (∼3 nm) after single cellulose chains [4] . Plant cell walls are comprised of cellulose microfibrils filled with hemicelluloses and lignin. The microfibrils are so tightly hooked to one another by multiple hydrogen bonds, that their extraction has proven extremely difficult. By using harsh aqueous mechanical or chemical treatment, wood fiber can be degraded and opened into their substructural units giving a material such as microfiber and nanofiber.
The term "nanocellulose" generally refers to cellulosic materials having at least one dimension in the nanometer range. There are two major structures, namely, nanofibrillated cellulose (NFC) and nanocrystalline cellulose (NCC), as shown in Figure 1 . The dissimilarity is related to their morphology. NCC can be regarded as the crystalline regions of the NFC. NCC, showing a short rod-like shape 100 to 200 nm in length and 4 to 25 nm in diameter, has been extensively isolated by acid hydrolysis treatment [5] . NFC has a diameter below 100 nm and a length of several microns, which can be isolated by mechanical processes [6] . NFCs consist of a long web-like structure displaying exceptional mechanical properties [7] including a high Young's modulus, a high strength, and a very low coefficient of thermal expansion. NFCs have attracted great interests for its combination with a suitable matrix polymer for high-quality specialty applications of bio-based composites. Therefore, the development of effective methods for extracting NFCs from biomass has received an arising interest.
NFCs were normally produced by mechanical disintegration using either super-grinders [8] , high-pressure homogenizers [9] , high-pressure microfluidizer [10] , or through cryocrushing [11] . However, the mechanical disintegration of the fibers into nanofibers often involves several passes through the disintegration device leading to the high energy consumption. Single disintegrating method suffers from two major drawbacks. The first challenge is the relatively low yields. The second is hydrophilic nature of cellulose causing irreversible agglomeration during drying and compounding in nonpolar matrices.
Combination of two or more methods presents a promising approach to overcome the above drawbacks. Researchers have combined various pretreatments with some suitable mechanical fibrillation technique, including the use of refining [12] , enzymes [13] , alkaline-acid treatment [14] , ionic liquid treatment [15] , and chemical modification [16, 17] . Among these methods, chemical modification, involving the addition of negatively charged entities at the microfibril surface, has attained considerable interest in the scientific community including the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) mediated oxidation [18] and carboxymethylation [19] . These are expected to result in NFC systems with smaller particle size distributions due to the high amount of charges as compared with other pretreatment processes [20, 21] . The charges and their repulsive effect can greatly enhance the ease of separation and dispersion of individual microfibrils at a lower power consumption rate. However, a critical drawback associated with TEMPO is the negative environmental impact due to the use of sodium hypochlorite and sodium bromide as catalyst. Carboxymethylation has been used for the commercial production of sodium carboxymethyl cellulose (CMC), so its impact on the environment can be easily controlled or eliminated. Hence, carboxymethylation is a relatively environmentally friendly pretreatment for carrying out the fibrillation of cellulose fibers at low energies. Accordingly, this study investigates the extraction of nanofibrillated cellulose (NFC) from natural bamboo fiber under pulsed carboxymethylation.
Recently, the ultrasonic technique has been applied to isolate cellulose nanofibers and it has attracted considerable attention [22, 23] . The effect of ultrasonication in degrading polysaccharide linkages has been well described [24] . Ultrasonication is the application of sound energy to physical and chemical systems. Ultrasound produces its effects mainly through cavitation, which can introduce much effect such as intense shear forces, shock waves, and microjets, and generates localized hot spots with very high temperatures, pressures, and heating/cooling rates [25, 26] . Such extreme environments provide a unique platform to break the strong cellulose interfibrillar hydrogen bonding, allowing nanofibers to be gradually disintegrated [24, 27] .
Existing procedures for the production of NFC either result in low yields or severely degrade the cellulose and, moreover, are not environmentally friendly or energy efficient. In the present work, a novel route was developed for the preparation of water-redispersible NFC from bamboo fiber (BF). It consists of four steps including mechanical refining (R), enzyme treatment (E), carboxymethyl modification (CM), and ultrasonic homogenization (S). The bamboo fiber was disintegrated mainly by the effect of ultrasonication with the assistance of negative charges. The resulting samples were analyzed by charge titration, Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis (TGA), and transmission electron microscopy (TEM) to further investigate their chemical structure and morphology. and the cellulolytic activity was 1000 EGU/g (EGU means endoglucanase unit). Monochloroacetic acid (MCA) (sodium salt, purity ≥ 98%, = 116.48 g/mol) was purchased from Aladdin. All other chemicals used were of ACS reagent grade and purchased from Hangzhou Huipu Co., Ltd. Deionized water was used for all the experiments.
Materials and Methods

Preparation of Bamboo Fibre (BF) and Nanocrystalline Cellulose (NFC).
The process of isolating nanocrystalline cellulose (NFC) from bamboo fiber consists of a series of chemical treatments and high-intensity ultrasonication according to the flowchart shown in Figure 2 . First, treatment with acidified sodium chlorite was carried out at 75 ∘ C for 1 hr, which was repeated five times until the product became white. The major lignin was then removed following the method of Abe and Yano [28] . Next, an alkaline treatment with potassium hydroxide (KOH) was conducted to remove the hemicelluloses, residual starch, and pectin. The obtained bleached bamboo fiber was labelled as BF.
The cell wall delamination of the BF was carried out in four steps: a refining (R) step to increase the accessibility of the cell wall to the subsequent endoglucanase treatment, an enzymatic treatment (E) step, a low degree of substitution carboxymethylation (CM) stage, and finally the treatment of the pulp slurry by ultrasonic homogenization (S). The above samples were labeled as BF-R, BF-E, BF-CM, and BF-S, respectively. In the enzymatic treatment, a total of 5 g BF, 200 mL acetate buffer solution (pH = 4.8), and enzyme were added into a conical flask. Enzymatic hydrolysis was performed at 50 ∘ C and continuously stirred using a water bath. Subsequently, the samples were carboxymethylated, under specific conditions which are detailed in the literature [20] . In brief, the fibers were first dispersed in deionized water at 10,000 revolutions in an ordinary laboratory disperser. The fibers were then solvent-exchanged with ethanol by washing the fibers in ethanol four times with an intermediate filtration step. The fibers were then impregnated in a solution of 2% MCA in 500 mL isopropanol for 30 min. This mixture was transferred to a 5 L reaction vessel equipped with reflux and containing a heated solution of 16.2 g NaOH in a mixture of 3/5 v/v ethanol/isopropanol. The carboxymethylation reaction was allowed to continue for 1 hr. Finally, the samples were further treated by ultrasonic homogenization (S), after dispersion in 500 ml of deionized water at a final concentration of 1.5% w/w. The ultrasonic treatment was carried out in an ice bath to avoid overheating of the sample. The input power of ultrasonication was varied from 400 to 1200 W. After ultrasonication, the suspension was concentrated by centrifugation at 5,000 rpm for 30 min [29] . The colloidal suspension of NFC was collected and freeze-dried for testing.
Determination of the Degree of Substitution (DS) of
Carboxylate Group. Conductometric titration (CT) was used to determine the DS of carboxymethylated BF following the protocol [30] . 0.1 M aqueous hydrochloric acid (HCl) solution was added to the fiber suspension and stirred with a magnetic bar. The conductivity of the suspension was measured upon titration with 0.1 M aqueous NaOH solution, using a conductometer. The measurements were repeated three times for each sample. The titration curves showed the presence of a strong acid corresponding to the excess of HCl and a weak acid corresponding to the carboxylate content. The total amount of carboxymethyl (CM) groups and DS were calculated from
where CM is the carboxymethyl content, 1 and 0 are the equivalent volumes of added NaOH solution, NaOH is the exact concentration of NaOH solution, and is the weight of dried product.
Determination of NFC Yield.
The ultrasonic sample was collected and washed with sufficient deionized water by repeating the centrifugation and dilution processes until its pH was neutral, and then the sample was freeze-dried for 48 hr. The yield of NFCs was calculated as follows:
where is the yield of NFCs, 1 is the total mass of vacuum freeze-dried NFC and weight bottle, 2 is the mass of the weight bottle, and is the mass of BF. 
X-Ray Diffraction (XRD).
For each sample, three pellets were prepared by applying 3 t of weight to 750 mg of powder for 2 min. The pellets were measured in reflection mode, using an X'Pert Pro diffractometer from Panalytical (Almelo, Netherlands) with Cu Karadiation ( = 1.5418 A ∘ ) in combination with a linear detector system (X'Celerator).
Fourier-Transform Infrared (FT-IR) Spectroscopy.
The spectra were recorded using IRTracer-100 6000 Spectrometer in single reflection diamond ATR (Attenuated Total Reflectance) mode. The number of scans was 32 and the resolution was 4 cm −1 . The absorbance measurements were carried out within the range of 500 and 4000 cm −1 . They were all carried out in at least duplicate.
Thermogravimetry Analysis (TGA).
Thermogravimetric analysis (TGA) was performed to compare the degradation characteristics of the cellulose fibers at each stage. The thermal stability of each sample was determined using a thermogravimetric analyzer (Pyris6, Perkin-Elmer, USA) with a heating rate of 5 ∘ C/min.
TEM Observations.
Dispersions of celluloses in water were observed using a photomicroscope (Olympus BX50). A 10 L aliquot of the 0.01% (w/v) cellulose dispersion was mounted on a glow-discharged carbon-coated electron microscopy grid. The sample grid was observed at 100 kV using a JEOL electron microscope (JEM 2000-EXII). Figure 3 showed the effect of the refining time of the pretreatment system on the degree of substitution (DS) of cellulose. The refining time was varied between 0 and 2.5 hr, while the other reaction parameters, molar ratio of monochloroacetic acid (MCA) to anhydroglucose units in cellulose of 3 : 5, liquidsolid ratio (volume/mass) of 10 mL/g, NaOH-MCA molar ratio of 1 : 1, temperature of 65 ∘ C, and reaction time of 2 hr remained unchanged. As can be seen from Figure 3 , with an increase of refining time, the DS of the cellulose increased from 0.112 (without refining) to 0.159 (after a refining time of 1.5 hr). This provides direct evidence that refining would be beneficial for the etherification reaction of cellulose. As the refining time extended beyond this point, the DS exhibited a slow decline. This may be due to effects such as the degradation of cellulose materials, the reversibility of the etherification reaction, and alkaline degradation of the cellulose. However, the DS of the refined cellulose was always greater than that of unrefined cellulose. The results demonstrated that mechanical treatment of the fiber can significantly improve the reactivity of cellulose. This is because mechanical activation can change the crystalline structure of cellulose, thus reducing its crystallinity, allowing etherified reagent to more easily penetrate into the interior cellulose, which is consistent with Huang et al. 's study [31] .
Results and Discussion
Effect of Refining Time on the DS of Cellulose.
Influence of Different Pretreatment Methods on the Surface
Charge. Three samples, named BF-E, BF-CM, and BF-S, were obtained following the route described in the Materials and Methods section (Section 2). The effect of the enzyme dosage on the surface charge is shown in Figure 4 .
As can be seen in Figure 4 , the surface charge of sample BF-E first decreased quickly and then increased slowly. The effect of the enzyme was first to hydrolyze the fibers and decrease the specific surface area of the fiber and hence reduce the number of exposed carboxyl groups on the fiber surface. With an increasing enzyme dosage, the enzyme hydrolyzed the fiber further, increasing the specific surface area of the fiber, and exposed more carboxyl groups, leading to an increase in the surface charge of the fibers. The surface charge of both BF-CM and BF-S first raised rapidly and then slowly with the increased dosage of enzyme. After carboxymethylation, the surface charge of the fibers increased significantly, indicating that the etherification enhanced the negative charge by increasing the number of carboxyl groups. Moreover, the final ultrasonic homogenization led to a International Journal of Polymer Science further augmentation of the surface charge of the fibers. This can be explained by the fact that the ultrasonic treatment destroyed the crystal structure of cellulose, exposing more free carboxyl groups. Figure 5 showed the effect of the liquid-solid ratio on the DS of cellulose. The DS value displayed a trend of first rising and then declining with an increase of the liquid-solid ratio. After increasing to 15 mL/g, the DS began to decrease. The reason is that when the liquid-solid ratio increased, the larger volume of liquid allowed the solid materials to disperse more evenly, improving the flow condition of the reaction system. Consequently, the etherifying agent made more frequent contact with the raw cellulose material, promoting the reaction and leading to an increase in the DS. The same phenomenon was also observed in Ye and Chen's study [32] . However, once the liquid-solid ratio was greater than 15 mL/g, an increase of the liquid-solid ratio only reduced the concentration of SCA, which did not benefit the flow state of the reaction system. Therefore, in the presence of low concentrations of SCA, the etherification of cellulose tended to decline.
Effect of Liquid-Solid Ratio on DS of Cellulose.
Effect of Ultrasonication on the Yeild of NFCs.
Ultrasonic homogenization is a crucial step affecting the defibrillation of the cellulose fiber. Ultrasonic treatment was conducted for time periods ranging from 20 min to 80 min, with a constant power of 1 (50% max ) and 2 (70% max ). The yield of the NFC was calculated according to (4) , and the results are shown in Figure 6 .
As shown in Figure 6 , the ultrasonication time had a significant effect on the NFC yield; with increasing ultrasonication time, the yield of NFC significantly increased. An NFC yield above 65% could be obtained through the route in the optimum conditions. When the ultrasonic time increased from 20 min to 50 min, a significant increase in the NFC yield was observed. The yield reached a maximum of 72.46% with an ultrasonication time of 80 min and an input power of 70% max . The input power played an important role in the process of ultrasonic homogenization. The yield for 30 min with 2 was higher than that of 80 min with 1. This finding could be attributed to the breach of the inner crystallization area that needs sufficient power to be affected by ultrasonication. A similar result was reported in the literature [33] .
FT-IR Analysis.
To confirm successful carboxymethylation, the treated and untreated BF were characterized using FT-IR spectroscopy, and the results are shown in Figure 7 .
The spectrum of the untreated BF showed the characteristic absorption bands of cellulose. A large band between 3,000 cm −1 and 3,800 cm −1 was attributed to the OH stretching vibrations, and the peak at 2,920 cm −1 was assigned to the CH stretching vibrations. A series of peaks between 1,300 and 1,500 cm −1 were associated with OCH deformation vibrations, CH 2 bending vibrations, and the CCH and COH bending vibrations. Finally, the band ranging from 900 to 1,100 cm −1 mainly contained signals from CC stretching vibrations and COH and CCH deformation vibrations. Refining disintegration of the BF (BF-R) did not lead to a change in the FT-IR spectrum. However, the absorption peak intensities displayed obvious changes, and the absorption peak attributed to the OH stretching vibrations became wider, indicating that, under the action of mechanical activation, the intermolecular hydrogen bonding of cellulose was abated, and the amount of free hydroxyls increased. Carboxymethylation of the BF-R (BF-CM) led to the appearance of a new signal at 1,598 cm −1 , which was attributed to the asymmetric stretching vibration of the carboxylate group [34] , confirming the successful carboxymethylation.
XRD Analysis.
To investigate the effect of the sequence of chemical and mechanical treatments on the preparation of NFC, the crystallinities of the different samples were analyzed by X-ray diffraction. The samples were prepared through two routes. For route 1, the BF was first treated by mechanical disintegration (BF-M) and then by chemical modification (BF-M/C). For route 2, the BF was first treated by chemical modification (BF-C) and then by mechanical disintegration (BF-C/M). The results are shown in Figure 8 .
The diffractogram of the untreated BF showed reflections of the cellulose lattice planes appearing at 2 angles between 13 ∘ and 17 ∘ (110 and 110) and 22.3 ∘ (020) and 34.5 ∘ (004) [35] . The crystallinity cr of the samples was estimated using (4) [36] with 020 being the intensity of the 020 peak (amorphous and crystalline reflections at 22.3 ∘ ) and am being the intensity of the minimum between the 020 and 110 peaks.
According to (1) , the highest value of crystallinity was obtained for raw BF (77.74%), followed by BF-M (69.02%), BF-M/C (66.99%), BF-C (63.19%), and BF-C/M (56.15%). As can be observed, mechanical disintegration of the BF (see curve of BF-M) strongly decrease its crystallinity, and the crystallinity was not significantly affected by postchemical modification (BF-M/C), implying that mechanical disintegration had a stronger effect on crystallinity than chemical modification. However, samples from route 2 (BF-C and BF-C/M) exhibited a more pronounced reduction in crystallinity compared to those from route 1. It can be concluded that the presence of the carboxylate groups made the mechanical isolation more efficient, as not only amorphous regions but also crystalline domains were affected by the treatment. The improved efficiency of the isolation of the fibrillated material could be attributed to the ionic repulsion between the carboxylate groups of the single cellulose chains [20] .
Thermogravimetry Analysis (TGA).
It is well-known that substituent groups have a significant influence on the thermal stabilities and derivatives of cellulose. Therefore, the native and treated samples were characterized by thermogravimetric analysis in order to obtain information about their thermal behaviors. Figure 9 presents TGA curves for the BF and differently treated samples. All the TGA curves showed a small initial weight loss between 50 and 150 ∘ C, which corresponds to a mass loss of absorbed moisture. For the original BF, a slight weight loss occurred at 300 ∘ C and a drastic loss at 300-390 ∘ C (see black curve), followed by slow weight losses up to 600 ∘ C. These results are similar to those reported in previous publications [37] . For BF-E, a significant weight loss started at approximately 285 ∘ C and ended at 374 ∘ C; the enzyme treatment slightly decreased the thermal stability. Carboxymethylation clearly reduced the thermal stability, showing a significant weight loss starting at approximately 245 ∘ C. This finding is in agreement with results obtained from the thermal degradation of partially carboxymethylated cellulose [38] . For BF-S, most weight loss occurred in the range of 210-500 ∘ C, and the degradation temperature was further decreased. Ultrasonication resulted in BF with a reduced molecular weight, an increased specific surface area, and more exposed active groups. Generally, the low molecular weight of cellulose fragments introduced into the outer surface of the cellulose crystals resulted in a decrease in thermal stability. These results were similar to those reported in previous publications [39] . 
Morphological Structures of NFCs.
The TEM images of the water-redispersed samples with different DS values were shown in Figure 10 . As can be seen in Figure 10 , most of individualized cellulose nanofibers were dispersed in water, and the cellulose nanofibers obtained were mainly 10-40 nm in width and a few microns in length. The sample with DS = 0.182 ( Figure 10(b) ) presented better dispersion than that with DS = 0.135 (Figure 10(a) ). This revealed that the amount of negatively charged carboxyl groups played a critical role in the dispersion of NFC.
Conclusions
Nanofibrillated cellulose (NFC) from bamboo fiber was obtained by a combination of mechanical activation, enzyme treatment, carboxymethylation, and ultrasonic homogenization. It was encouraging that an NFC yield could be obtained above 70% through this route. Carboxymethylation was found to significantly increase the surface charge of the fibers. Ultrasonic homogenization led to a further augmentation of the surface charge by destroying the crystal structure of the fibers. Refining was able to activate the fiber by changing the crystalline structure of cellulose and allowing the etherified reagent to more easily penetrate into the cellulose interior, enhancing the efficiency of the etherification reaction of cellulose. The input power played a more significant role than the treating time in the process of ultrasonic homogenization attributed to the breach of the inner crystallization area requiring an adequate power of ultrasonication. FT-IR spectroscopy confirmed the occurrence of the carboxymethylation reaction in the modified BF by the appearance of characteristic signals at 1,598 cm −1 . Although carboxymethylation modification did not significantly affect crystallinity, the presence of carboxylate groups was beneficial for destroying crystallinity of the posttreatment samples. The chemical modification or physical treatment decreased the degradation temperature of the fiber. The number of carboxyl groups, leading to the addition of negative charge, played a critical role in the dispersion of NFC.
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